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ABSTRACT 


An acoustic positioning system is described that is adaptable to a range of 
processing chambers and Rarnace systems. Operation at temperatures 
exceeding 1000*^C is demonstrated in experiments involving the levitation of 
liquid and solid glass materials up to several ounces in weight. The system 
consists of a single source of sound tnat is beamed at a reflecting surface 
placed a distance away. Stable levitation is achieved at a succession of dis- 
crete energy minima contained throughout the volume between the reflector 
and the sound source. Several specimens can be handled at one time. Metal 
discs up to 3 inches in diameter can be levitated, solid spheres of dense mate- 
rial up to 0. 75 inches diameter, and liquids can be freely suspended in 1-g in 
the form of near-spherical droplets up to 0.25 inch diameter, or flattened liquid 
discs up to 0.6 inches diameter. I*arger specimens may be handled by increasing 
the sise of the sound source or by reducing the sound frequency. Shaping of the 
freely suspended liquid drops is accomplished by adjustir.g the sound pressure. 
The system appe..rs free of significant instabilities - constraining forces on 
the specimen are nnteasured to be about 15% of the force needed to overcome 
gravity. Electrical power for terrestrial position control is about 100 to 150 
watts. Chamber dimensions may be of ^e order of several inches to several 
feet. Capillary injection methods are described for intr«)ducing liquid materials 
into the position control system, forming critical size droplets without signifi- 
cant material loss. Solid specimens are injected by acoustic lift-off of the 
specimen from a fine wire mesh screen placed close to the desired levitation 
point (energy well); the wire mesh screen is substantially transparent to the 
sound. Powder specimens are injected by acoustic lift-ofr of the powder from 
a wire screen - the sound field agglomerates like powder into a powder ball 
that positions itself within the nearest energy well. E3q>erimental results are 
presented for the supercooling of organic materials and for water. Benzo- 
phenone is shown to be supercooled by 10% of the melting point temperature. 
Estimates are presented on the increase in nucleation rate caused by the 
sound field. Drop tower equipment and a high/low temperature acoustic 
levitator is fully readied for drop tests. The drop tower equipment is com- 
plete and is described in this report. 
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SUMMARY REPORT 

The non> contact positioning of materials in a space processing chamber 
is accomplished using a new type of acoustic levitator. Liquid and solid mate- 
rials are positioned usii^ a single source of sound. Fine control of position 
may be obtained by motion of an acoustical reflector. Electrical power required 
is usually less than 100 watts. The system operates satisfactorily at lu^u and 
low temperatures and is adaptable as an "add-on” feature to existing space 
experiments. Containerless melting and solidification can be performed and 
a freely suspended liquid can be shaped to the contour of the sound field. Experi- 
ments are described in udiich aluminum, glass and plastic materials are melted 
and solidified in the containerless state. The system has applications to 
containerless crystal growth, melting and related processes. Considerable 
advances in the utility of the system would result using thermal imaging 
techniques for heating the specimens. Also, for the research rocket consid- 
erable advantages would obtain using the transparent furnace; i. e. . a quartz 
furnace embodying a gold plated heat reflecting surface. 

TECHNICAL REPORT 


1. Introduction 

Manufacturing processes undertaken in an orbital space station may be 
seriously effected by drift of the material being processed* Control of the 
position of the material is generally desirable. The objective of this paper 
is to describe a new type of acoustic position control system that can be 
adapted to existing space processing chambers with minimum modifications 
to the chambers. The acoustic system to be described departs from existing 
systems in that only one sound source is used. The single sound source is 
used to excite tl.a chamber volume into normal modes of vibration. Whenever 
there is a region in the experiment chamber at which the acoustic potential 
energy is a minimum, the specimen will be urged towards this region and 
remain freely suspended, if the acoustic forces are strong enough. Liquid and 
solid materials can be freely suspended by this method, up to several ounces in 
weight under 1-g. The shapes of the levitated materials can be spherical or 
disc-shaped. The spherical bodies are linoited. in size to about one half wave- 
length of sound (1.7 cm diameter for a lOkHz levitator). Flat blanks of material 
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can be considerably larger than the half wavelength criterion and. still 
remain stably levitated. Specimens can, under certain conditions, be spun 
on an axis for degassing purposes, without touching the specimen. The 
shape of a liquid specimen can also be made to conform to the shape of the 
localised acoustic field. The system has been operated in a \*ange of con*, 
figurations of experiment chambers including rectangular and cylindrical 
experiments units. 

Experiments have been conducted, and will be described later, in 
which the effect of the levitator sound field on a supercooled liquid has been 
determined. The indications are that the sound energy coupled into the speci- 
men must exceed the cavitation threshold in the liquid. The cavitation thres- 
hold is several orders of magnitude larger than fiie sound levels that can 
r' \sonably be expected to be coupled into the specimens. The indications 
are that the levitator sound field will not disturb the material processes. 

This point is given greater credence when the levitator is operated uiuler 
tlic low-g conditions pertinent to space processing. The acoustic field 
strengths can be reduced greatly and thereby forther reduce the effects of 
these fields upon the material being processed. 

Several position control systems for space manufacturing have already 
received study and development by other investigators. The triaxial system 
developed at the Jet Propulsion Laboratory utilizes three low frequency sound 
sources and relies upon the opposing action of the acoustic radiation pressure 
in three crossed sound beams for positioning the object. The electromagnetic 
position control system, a version of which has been developed at the General 
Electric Laboratories, utilizes three field coils. The electromagnetic system 
has die unique advantage of operating in a vacuum but is linoited in use to 
electrically conducting materials. 

Latex sections of this report show the acoustic system readied for 
drop tower testing. 
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PRINCIPI/E OF OPFRATION 


A simplified version of the levitator is shown in Figure 1 . 'fhe 
sound source consists of a plane circular piston that radiates a beam of 
sound toward a parallel reflecting surface placed a distance n X/4 away, 
where X is fhe sound wavelength in the levitator atmosphere and n is any 
integer. A standing wave is established between the sound source and 
reflector as rthown by the pressure profile Figure 2. A body introduced 
into the soun^ .. field will move towards planes of minimum potential energy, 
corresponding to the planes of minimum sound pressure drawn in Figure 2. 

The levitated material is constrained in the sideways direction by 
the near field pressure of the sound source. Three typical near field 
pressure profiles are drawn in Figure 2 for successive planes normal to 
the axis of the levitator. These pressure profiles are obtained by the 
methods described in Reference 1 and are for a piston radiator 4 sound 
wavelengths in diameter corresponding to a sound source 7. 5 cm diameter 
resonated in air at 20kHz. The positions of stable levitation correspond 
to the regions where the pressure is minimized in the combined standing 
wave field and the near field. These regions are indicated by the small 
circles in Figure 2. The near field pressure distribution is circularly 
symmetric about the levitator axis so that stable levitation is obtained 
anyudiere in a series of successive circular zones spreading outward from 
the levitator axis, each levitation zone being parallel, and closely neigh- 
borii^ due minimum pressure planes. 
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For t;} 1 « ^ 1 ^ V' i '>x }V 1 1 t>oij rh to * j 1 1: i. s h* i r 1 1 y , t > i o m^A to trial ' i o i ri r j 
levity to^l *^htiuld not ho Taryo a-T tv> o ‘•or Ian suo':oa :i-"u oiros iuco ^nioliui* 

The illamotei: of a ^phor»5, for oicampl^i, should n.rt oaoood haj r of a 
waoolamjtii in the gaa atmjsphero, otherwise prouiiuoifi will tund t> caoooI* 

The limitimj spSior*! ^>xz<\ for stable levitation i»i a 1 UVhK air-CLllod 
levitat-tr at ruo»ii to ii^nrat-iiro is 1,7 c<ji diamoUor, Flat olAn'cy; of. niAtorial 
mn bo levitated thai the sphere, h spoonKui blanJ: will oosno to 

oquilLbri ni with the plane of the blank parallel to, hut M nplaonri a /;-iaII. 
distaneo froia a ininjii\n*n pressure olaao. The blank thickness {inoa -inre^l in 
a direction norinal to tho planes of Tiini^uifi pressure) siioald not n>:ceo l tn*i 
half wa limit allnded to oat liar. ht>wnvoi:, the Tito cal U nonuons 

na/ iixoeod a half wa-^elengta aid ar> limited by the radial iiniiaien:'; bntvreoa 
the pressure hrouijhs In the near field- For ejtanpl^, a disc appcoxiuu\tely 
5,5 cm diameter couli levitated at the ni ai.mno pressure plane cc' , Figure 
2. Tills distanuo of 5-5 an cocreSL»nd3 to the dista'u:e bctwrien tlio outer 
pressure tcoughs in the noa ^ field, at this plane. The estiiiatin of "lacv’um 
blank diameter are rm>dified hf the reflection oZ sound S'Xj'u the blank Its- If. 
Tito sound reflection from J;!io blank will oahanoe the 'itaivli ig w7* /e betv.*ea:i 
the blank and the sound source but tend to smea;‘ the near fie I- 1 . j The 'tide- 
ways restoring forces ara reduced so that Ir/itcitliAn nf the blink may bo 
less stable. 


An acoustic standing wa^e is shown in Figure 3, mea-rncad abiii-j fie 
axis of an oJci)oritnenl:al nucleation ttibo. Tim nuel^ation tube vm^ 7.5 cr-i 
in diaineter and 30 cm in length, driven at one end Jjy a 7*4 cm llano tec 
piston radiator oscillating at 20kKs. 


The far end ivf the metil tube was closed by a clo m fitting cici:nlic 
reflecbir that coUll bn rti.ived pcijicisaly alr>ng the fiihi.! a Ls. Tiic upper cuir-^e 
of Fijucti 3 show:.; the increase in sound presence an I the c.:cvcnp.>n,Ung 
increase in tiie greidieiit of the sound pressure as tlie ga^ uiilnan In tiino I by 
adjusting the position of the reflector, ^laxlmum ?;ou'id pressure amplitude 
is obtained wlien the separation distance between the neurce and tno reClMjtoc 
is uA /a. The comolntely untuned condition, sejm ration equal tn n ,t /2, 

(the lowvir car^e of Figure V , results ia a reduction In tiio ^ouivl pro ranro 
and hence ii the le'jitatuin force. The r^:^duce 1 gradionts of ;ouvl pceihrM 
in the untuned condition w/ald result in a loagoi: tt> r tuhoce the 

tated lK>dy. Plastic spheres inserted Into the ttinol a vl excited tube rcAOhed 
their eqai librium p»>sitloiis close to the plaacn of ini.iiTiiim pres:;ur*i* Tao 
3 ;^ 1 1 open ci coles in the upp^s^ carve of Figuce 3 show the obicirved I excitation 
points. ' 


The magnitude of the sou id raxHatlon focce on a ;mill sphoro ii a 
plane standing wave is given in kofeccace Z by the cquvitlim: 


!■• « n (kU) ( .f j t. 


where 


r.'3i'.)!3 of spl'iuru 
J-n / > £oi* k'l.rt fja.3 a bntjayhere 
density of the ga.3 






V 


acoushlc pactlcle yulocity 

= 5/6 for solid or liquid bi/diais *^usi3tmdetl in a »ja.i 


■ 'r 


Tho minimum euoryy exists at i;ho Viil'>city autinodal pianos 

as described i.i Reference 2 at w'nich planejj tiie sound pressure is a ;ninimui.u 


A solid sp'ierH 0*d rrn radius w juld e:ci>orionce a rndlation ";oi:v:e oC 
appco^cimatoly idoo dynes wiien placed at a e:iloci.ty anitinodi> in a 201:il:s planf>^ 
standliq wa-^e, in w'llcb t»ui radiated sound inton'ilty of tue sou:>;o v/:*u lw/c*u** 

{ 150 db sound pressure level) and the staidivj ware ^jat. i tii roe fold. At 
this acoustic field slimnsjth, the 0,4 cm radius si»hnre coull woi;jli appcori' 
mately 1-5 yran*j and remain levitated on earth* Tjiis norre:;i>onds to a dtiusity 
of about 7 for the sphere- Slice hi^licr sound intensities a>‘^i d/ailable, 
tiie dense elements evidently can be levitated ' 'rrestially, if dosiru*!. 


Sound absorption in the Invitatoc rodiicc^ the illBtancij at which 

a body can be levltatod* For example, the pces mro troughs in the standing 
wa'/e shown in Fijure 1 are a>nsicle*:ably Less pronouace^l as one moves awn/ 
from the soujid source- 


The absorption of a low intensity plane hmommiT sound wave is qivaii 
in References 2 and 3 by the equation: 


I 


K. 




w)iGre 

I is the sound iitenaity 

^ is the distanne in^jasured in a direction no'ininil to the wave front 
is the attenuati^on consta it 

The attenuation constant is qiven by the equation: 


who CO 



ii.) is the rf^jular frequency 


'1"^ is the shear viscosity c,>o^ficLonh of the ija.i 
the cuinprossional viscosity coofficient 


t 

L 


S' 


s 


is the density of the medium 
is the velocity of sound 
specific heats 
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It is icen triat thn a*:toi\itat irjn oiofClolo'it a:; t*u> of 

tU*! wa'^e fCH* 4 Uonc/. T,"iu*5, opoCitinn :>r tho IsvitaUn: a': tiio Low-.ri: uUiira oiiic 
Ltrequencies results ii a ^jceater rii.sliakice a*; wViich thn i^bjoct can be lovitahn^. 
Also, tho absorption ^jtvan by equation 2 holds only for fllGtan:o3 tilo:in 
thn source as mentioned in Reference 2, p 30* At di^liancns than omi 

wavelength from the soiiifce the absoqjtlon is crmsidernbiy geeator than that* 

given by ef^iiation 2, The increase in absorption at tho ruif.lcijr.’ntal Croijuoncy 
depemls upon the wvive a-nplLtude and ma/ be an nedor of iia;jiiit»ido la?g*o: than 
that predicted by egnatian 2, The curvus shown i.n J?’iij<i:rtr 3 can b-^ ^tsud as 
a guidH b> indicate the absorption losses in a lovltatur and the 

absorption in lower frequency sy sterna i*a.i be scilod from these curves* 


ACOUSTIC CAVITY El4l2iRGY W*iLL LEVtT'aroii 

The le vita tor d<^ scribed ii the proeeding seel: ion n Hire sen tw a luitit^^^d 
version of the more; general energy well l^viLatic which rcsMuancos aro 
developed throughout the entice three dimensions of th*^ e>:perimont chanb:^r. 
In this sense, the ojiperiTtient chamber is vic^vi^oJ iks an acyu.>tlc can^ity that 
can \y*i excited ii a range of high anii low order (i-:>des - the noo^ial »r>if 2 i of 
vibration- Typical ao justic cavities are repctisented by o^pcrimcntal 
furnace tubes or the interior v<il»iiae of a muffle fucuanc, all of which 
voUimas ace adaptable directly to energy well levitation throug'i uonnal 
eJtcitation. 

Thn noujval modv; of vibration of a roctanjul^r enclivnirc a:o given 
by the following ecpititions obtained from Keferouces 4 and 



where 

P " sound jjrossuro 
C - sound vcl'icj.ty in the gas 
^ = sound wa'«i length 




■ 


rt3C*:a“ujul^ : Ls sliown In FigiaKu 4 in inraal iuhIo 

^'2Pi5‘ The dimun:5inn.^ i^f tiio aa/ity a»yi ^ = 3 *' i~ ^ w^ ^,h 

" 2, n 2 aiO ^ S. Fqc an a'jousticai signal ?Mk\lZt 

injected ±%to the chamber, the dl3ta3ice i.H calcnlnhed b> bo V cj.tis, 
obtained tvtm equation 5- Theise dimo;iGions may be typical, of a 'niall spaiie 
pirocessing chamber. 

The node cocregpondiiKf to any part lou Tar sot of valooi :>f 

n-^, riy aa l can be nr«jducod by atartj,ng a pl-ane j>ound wa ^o in the dlructiiu 
cjivon by the direction cosinoo /W fh*. , /:. ' : < T3 lO, A; . 

and letting the wa re reflect utitil in l>ocomefi a ^tandintj wa/e. Tluni, the 
sound gone ca tor used to piroduce levitation in a oa^'iUy o>t:^ej:inn-'nt chamber 
should be inserted at an angle gi^ro^ by the dlDJCtion Tf tnls is 

not effected, the resultant wave in the oicpojriment i-*hamhoi: will not be 
periodic and will not ct^rrespond t*» a nociial mode (.See Roference 4, p,3')0). 

The sound pees m re isobars foe the cavity r;hov/n in Figuco 4, are 
x> lotted in Figure ^ for the X-V plaon at « 0. Note tliat i:here^aro Cnuc 
pressure minima and consetx^^^^^iy ^our levitation x>oints in the X-Y Xilane 
at z = 0. 

Tl\e isobars shown in Fi^guro 5 are repoat^^d poriodioally ar? one *navcs 
along the Z a.'Cis* Since there arc 3 Iialf wavul:^ivjths in the Z jrrection 
(n.;- - 31, tliere are consequently 32 distinct levitation regiojis in the ce/ity. 
However, the depth of each energy troagit will governod )jy t*io ab^oeption 
of sound. The enorgy troughs near to the sou.id souirco will be st Congo r than 
tjiose a distance away. 

Various ezamxvles of acoustic cavity levitatjcs are given in the n^vit 
section* 



.APPARATUS 

The iound source used fchirtjughout tno invosfcijatJ.onri in shi)v;i in the 
X:>hotograph Figure 6. tTne source consists of a cylinthM: of magnosium-iilaMlnum 
alloy about era in diatneter and of length eguul tn a one half sound 
wavelength in the alloy. The vibrator is supported by a riangu at the 
midsec tion ^ a displaeoment tiode - ai\d e>ci^itation of the vibc'^tor is prijvidod 
by inducing eddy cur cents in a metal tuba tur'ierl iitcgirally with the base of 
the vibrator* h full descrlx>tion of an early version of this vibrator is 
given in Reference 1. 

A muffle furucvca shown in Figure 7 is adaptoil for uf;n with the louTid 
semreci. This is accom^jilislicd liy rniT«oving a firobrici; *"roo thu u:id*:r:i5.iVj 
of the furnaoo niv.l placi vj the front ond of -ho :>ouiid 3*> that it Is 

Centered in the firebrick liole# pointing vertical ly upwarJn* A }:iw*[ 



I 


const of a fla*: a£: jduio] is sUMpucteu 

tho furnd0f3 at a distanno oqual to 4 haU w:ivo lough’ is of suuna ^:c.i*n hUo 
vibuator sucdacQ and ho ih. To rodnco hoitln*! ii \*i vi'^cato-r 

by tho fu/rnace hoah, a socles oi! paC'tllol, ^00 meshr niai^lass nhGol .-/Ice 
mosh screens a.^s placed iin'neili£ii:«ly al>.>vo hJio vibcatoc I i a ^jlano pacallol 
to t!ie vibrahoi: suefaco. The wire msh senjourj Inhtoducu '/or/ miall 
absorption of the sound wave, but effectively cundiict awH/ the heat that 
otherwise night Impale the perfornaice of the vibmti>r* ^ dnbiili^d des- 
cription of acoustical transmission tLarough wire me^jh so coons is ^givon ia 
Reference 6. 

hn Oicporiuiontal furnace modvile, suitable f:>r drop t»wor n“nl rocl'^ot 
experiments, is shiiwn in Fiyuce R, a'jnippol with the anou:?tic levii:ahor, 
for levitating specimnna of chalcogenlde glass. The furnace operates at 
ftOO^C, ah which temperature solid specimeTis can be levitj^^ed and mo 1 ted. 

Tie furnace (^Kidula consists of a fused quarts tube measuring 7.5 cn 
diam^tei: by 15 ems In length, outside of which aire placed *:wi nicknl-chc Miinm 
heating eloinfints. The top end of the fpiartx tube is closed by a rafr\ob>cy 
cap tJirough which an inert gas can be passed by t of an Inlet tube, \n 

adjustable metal reflector is provide-1 inisidc the qiiart-x tube to'increaj^ 
the levitation forties. 


PERbVJlUmNCE iSVAf/UMCON 

The stajxlllty of the acoustic energy woll Lovl 'atlon process b»; 

^agod from the three palatographs shov/n in Figuoi 0* 'fho Jipper photog^Mph 
shows the levitator (rrnt|uency 20 ktlal mountnil inside a dr»*|) tow-jr c-i jo and 
pointing vertically upwardfu A specunen can be soon levitated approLcli^ataiy 
halfway between tiie upper surface of the vibrator and tlnn rtiflecbnc. The 
photograi>h in Figure ^ shows the st^cimnu romalning lovihated w ic i 
the entire assent^ly is rotat'-id through Tne lowir phot ograph shows 

tile system pointing vertically dov/nw:: 'ds. T;in nyatem is stable and indnpon- 
deint of t)ie direction of the sound beam. We thus conclude that the energy 
wcills are closod. In thn center photograph of Figure •), the Invitatad 
spocimon is shown pulled by gravity tn a position slightly below the pouitSu'i 
ociginally occupied in the upper pht>b>graph* Tue dnf I action of the spocl-non 
provides thn means to measure the “sideways" res toeing forces the bivi- 
tator. In the instance cited, the lateral restoring f‘>Ci;n ,4 a re about of 
die l-=;vitatiou forces In the direct ion ,of the main sound buan. 

Ttie photograph:; shown in f1;]Uj:qs 13 and 11 iln.no istrato levitation 
of liquid and solid materials* Tlic Invitator frofjunjicy was 20tU:5 and the 
olnctrical power input: Into the vibrator wvi j ai)pr»>:t 1^1,4 to ly 35 watts throu jhout* 
The loft photo'jraph in Figure Id shows a levitated watnr droplnt laoa Turing 
anpi:oKi»ivitely 0*4 cm in length, h considnrablT dtigrcoo of fiattiHiing is 
observed* 'fho flattening results from the souml radlati.m r»irco. Tim di:>i.il3i: 
shape is governed by the suvfa^xi ttvuiion of tho watoc aiul cho ahnpo and :itreug':'i 


BmoDUGiBainr or tss 
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of thft acoustio wi*ll la w’iic:*i it rcsidoa# JclilTocntoly shaping 

tho enoojy wfilU ll«j[Uv3 coaid, in principles, fo-rmotl to a l-siirotl 
wi^iout oiatrtoting :5urcat:e3. Thti rijot phobyjraph in Figurti 10 ylbw., a solid 
almaLnum sphere levitatntl, while tho lower phot njirnph in Figure 11 s!\ows a 
levitated brass disc incasuring al>vit 5 cm diamoh**c by 0,5 mi thick* T/i'^i- 
tahlon of Idie disc is obtained without a 3ci?arato reflector since thf> di:;c 
acts as its own reflectoc* Here, gravity is needed to retain the ^e.^inoii 
in iv'>sition. For s^^acn applications, a 3G;>\rate roflecsior would be^ r;.npii 
The upper p’lob^raph ii Figure 11 shov/s five sphcriis sinultan^uol/ levitated 
in the standing wave as indicated in Figure 3. 


Position c»iafcr»>l in the levitator Is ccfccted by simply movi i«j either 
the reflector or the sound generator. The s^xiciriKin will follow the motion 
of the surface that is mrjiyed* 

Acoustic ”xift-off” of a speci^n fri^m ^wire mesh screen is s'vwn 
in Figure 12. The StJ^icimen will lift Zoan the position cf tue st>«»a in the 
lower nhobigraph to t^ie position of the Si>eci;nK:n in the upper phot.i. 


APPLICATIO^io^ 


Free naspension Jloltlng 

how t'imperature c-onta-inerloss malting is domc^nstrnted ii the 3*/qnence 
of piiotitjraphs in Fi«jure 13. A picoelastic material, mi'lti-ig i;oLnt 
is introduced in the levitator and is shown li the toi> l^ft-hand photo'jvax'h. 
Pa.rtial :neitl»u| of the rvatncial, obtained by meais o*; a i(aavt/'* lamp, is 
show'.i in the top rlght'-haad 2 ^hotc>jraph* It is observed that the tnati^rial 
has . taken an apor«»:imately spl’icrical form. As the viscosity pi tne i.vxti'i:lci ^ 
redUTOS with increasing temperatneo, the sphere flatt.o»is (lowt:**: left-hand 
photograph) and finally the material is c^mpressol by the sound vlbrati«na 
forces to a flattened rlisc-like sha^nc. The spherical Coca coul*^ l>o retained 
by retlucing the inivinsity of the sound field. In low gravity, u^'C oxH'iplo, 
the 'sound fields could be reduced in proportion to the re«luctioa li the 
gravity field. Consecrue'atly, little disto'ci.lon of a spherical tK)dy should 
result from the acoustic l»3vita*:5.on. A penalty, hov/e/er, is the ircreasirvj 
ti»ne to restore the body to equilibrium, when the sound fields are rotluced. 


Hig\i temporatuce coatainccless melting of a\»itaiin»a eind glass is shown 
in Figures 14 and IS, respectively, uixdertakeii ia the ^jviTCLo fur>’‘UCts levctator 
described ia the previous section. Tlio top photvjriph in Figuri: 14 shtiws an 
irregular, solid, alnmimm Toall, introdiicod into the fumaao. The 
sound vilrcatnc is dim*: tod upwards tii rough the i»ttom >1 the Cuctiaco us des- 
cribed previously. Tlie flat plate, sitia<ated midway botwcon the bottoo and 
top of the furnace, is the reflector. Furnace tomporaturc, rmiasurail at a 
distanse of 7 ems to tho veaV ,>f the .^,pccimcn, v/a;i in >iV>r.:. Aftoc elaii :vt>.i 
timo of 40 seconds a photograph was taken, shown at the >">teo».i •>:. Pigur’j 14. 

At this point, the aluminum had melted and was approriinaholy sphccical in form. 
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' V - • ' 

m'iown Uw'it of ouihdl niull;inj,* • Kaf;ti 

phnbiyi:ap*i taken 3 > Lja^intls ap>i»:t. iti tkrj ^bip. ti:ioLnip.>i,ik a ; HLiic, 

1 riR In dian-'tur, vru inso^rbnd Inko too fvn: lacc ind S taged* Th.^ d:l:Lfj Ir^ 

situated towUnMs Win ton ri^^ht-'nani nido ol! tiio pi^jt.iiru, T*io b.jttom 

photograph shows tho yl vss disc inoitorl tn Corn a of mol i-a ijln ; * 

that reinainod stably lovitat^^ii. Tha liurriaco tump^^catrnro was Joc this 

sequemeo oC phobwjjTHphs* Qlootclcal. pow*r Lutn the Invitat-jc lOG v/cP:l:s* 
Small cai\dom nintions oC tho bwltatod sphere weje nb'^oirvuiK Taoio iraor.liri 
Motiomj wero mustly caisud by drafts e^itcrinj tho open fDin!: d>or o2 the 
fm‘idee« 


Injection ol! H»*|U.lrl<; into the Icvitakor may pee non t a prooleo i C the 
ll*jild is not injacbul into an onerdy well and if too mieh IbpiiJ Is iiv^octed 
at any one tino. Improper liquid injnetion r*n;ults In break-up oC the lirpiL:! 
ilroplet and consequent Coulinq of thii 0 /:po<:bnent chnmhor. a metin^d of li/piid 
inject Lon conjists of dfstaehinj thn droi^lei: Croiiv the an*l of a capill try tiihe^ 
The wei;fiit of the l=i’:gest dr >p that am hnmf rrmn the nod f>r a tnbo ->r c,t l*n*i 
a, is nrj = ^ tV^t Y uv > whoro y is the nnri"a*.e 'i no! yj i the lojlo 

oC contact with the tube. By ty-ioosi ig a t*ib.» ■>!* diao?*:t*i: i te-l Ccit.t 

this equation the size of the droi> can be obtai. idb tiint the lovitatic v/11l 
accoiDt v/ithout li*-/v.iid brfia-c-up. Tliis is damonstiMtcid by too two iJhotuqiMjjhs 
shown in Figure lb, Tho top phobigraph shows a wat-'C rlroplot i| rowing at 
the ond of a capillary tube that is inst^rt'vl into the the drop 

»jr' jv7.il it will teo*i l;o in the sound Cieldr but i:i;nni i atliiiehed th*i 

capiiLn»"y tube* Tim capilinty tube is iifw -/od until an f!oer:i/ v;uH l > 
fouod whore the dropHt rea^^hon o*fai lii>r>.um ■ *id r-ih*>w;; uo tendeo r/ b' -d^ibii 

After a Cow seconds the droplet will ietach v/i-m It »‘MU**hr;s irci-teo and 

roiaavn levitated. Tno dcsbtehed dr iplnt Is rdiowrt i.n th-s \n%t b ph 

in Figure 15. Under low gravity a ?)igin. gas ovrjrpr^v^.jure ti the ca;.Lllary 
tvibe should suEfice b> eject the liquid xroin tiie iMpiUvary bibo. 

L iqul \ Jdi la^^iing 

Iiovitated liquids may bo shaped by Lne ceasing or ».laar**ne?puj the 
sound pressure oKt altemativel/t by shaping tiio aconitie cnn.:g'7 well In 
whicli thn Ifivitation (rake's placn. A ."cguencn of pho tograp^'ui of n lo''itat»'l 
watnr dr*ip is shown in Figure 17* The phobyjraphn wc^r * oncti token at i 
different sound presniire Ifsvol- It can bo soiiu that the drop pcogreiiuiv^jly 
flattens as the sound pressure is iaareasnd* 



EFFECT OF Tll:^ O^VfTATOd SOmu FiliLai 
UN PUiXB-SBING OF HVrBKXAt^ 

A secies of o;<pGrlments conducted to Inrlioak r thn eCi.c*ct, if rtuy, 
of tliQ levltator sound field on Wie inatertal being pr^icunvod. From the 
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viewpolnl: of cl^^salcal ^ooUatlcSf thtj Piisina’ich in ai! msti.tial inumjano-} 
bo!:w<^Qn the levitatoc y.ia in Wlildi the aounri Cie Ui pjr pyarratea «\'Vl tho mtecxal 
levitated, is conaiderahlo, aiid the <5nei:y/ tcanaFec nhonl:! lie o.;t»’e.n.i.ly anal I . 
Poe example . the acoustical iivcda.ioe of ale Is ill e.j j imltn and that <ir watotf 
1,5 X 10^ cya units. The impedance mismatch is ahout 3‘idO bj 1 ceaultiny in 
an enecjy teens Eer ratio ctjual to the :riuare of this »:etln, oir almul: 1,2 a 10^ 
t'l 1, liowover, other disturixiiv^eti could arise .Vi a In vita tod iiiaterLal •ych as 
surface or volume resonances that may increann tho ennr-j'/ transfer £r«im the 
sound field. 

To check tho sftna.i.tU'vy y£ a Kwtijirlal i>rocosw to the lovitat *e Koun-i 
fielii. the Eollowln-j ex|.ieri<nents were conducbvl. \ droylit o£ hir;^uyhc nine 
(M.P, 4’/oc) , measittrinij 4 mm diameter, was l<ivitat«d an j allowed to aujicrtMol 
In the lovitator while freely suspended. It was ob.3e>>'oi1 that tho dnplst 
supercoolad by l.V\ of tn«i molting )>iint tempera tore withoat. any indication 
of crystallisation, Ouirlmj the cooling process t'.io drop wa.^? wlcwfsd continu- 
ously under a microscope using a polarized light source to indicate any 
tendency o£ the liquid to solidify. , 

hf 

In th<3 3GCDin! experimiGnt, it was dncivlnrl t > ir^aaiito a 
liqiiid hy cou;ilimj sound into tho liquid \r/ di»reid; UbiViC:4ion of an ultra- 
sonic tcans'iucer- Tlie anoiistic eneryy traasJrQr is hi^h# in this cohiUziou, 
such that 5>) to 60^* of the soiiud nuGi:^y quunratod ,ijt the tcan^jU-coc 13 
prjjpaqated into tho liqull. Tho o>Ciif!riim;nhal appa»:atn;j is shown in tho 
top photograph of Figure IB*. Ta« metal cylindrical ?tuh of tho acoustic 
transducer *Mn \v=i Immeirsed in the liquid (nuri,^>piirMiono) ii the f:>co' 

ground of tho photograph- ^t the right side a 'nuill ai^viiytlc pr /»- h* 

can be seen which is Us^d to diitect the sounvt Ciold, pirobii ir; t;o,Mn«;l:oa 

to a narvow ’'la-ui .Ll'actcioil filter that ba sv/ltchnd i it > tho ciL'cuit and 
\ised ti> suppress; the di»"ect a^uiitLc signal r?jcoi*;e*T i’rnii tho transducoc. 

The liquid was wperooolod, as shown by t>to bottom cv.rvo of the supercooling 
curves platted ii Figure 19^ ,nt a temperature of iU-tf’C uh^. transduce c was 
excited at the increa^iing voltage:^ labelled on the cu^^vo* At a transducci: 
drive voltage of 2ZQ Volts ^ acoustic cavitation wan M.siiall/ observed 
the liquid bcn:sophnnona, w!ioraapnn tho licpiid ci:y-:;tall i,so.l at a high rate, 
show!i bv a *:harp increase in temperature of the liquid - the liwer cucvg 5n 
Figure 19 - and shown by tim crystallisation ovidojit in tho iihotographs in 
Figure 18* Just prior te the inception of crystal I i^^at ion, the .-rrouiitic 
probe indicated a noise signatnjre show?^ by t<;e onoillosuope traj:c,^ in t ic 
photograph! 5 * the noise signature was character Lstic of sfnic iM/itation 
(Sec Referecnes It 7 to ID* Prior b> the inception of cAvitatlon tec 
cirroustic iitensity in the liquid wa-^ isubstHntial, and G: jn thn acoustlr: 
prtite reading p wa s nalculah^d cn o^cuoed 0*1 wAtl:/cm*^* At t iU 0,1 watt/m 
acaastic radiati<>n luvol, no affect on the crystalliMtiou procciss uo\iL:l 
be ob:;Gi:^ad as shown in Figure 18, ;ha evidence appears t » indicate that 
the sound fields must reach the capitation level Gir thaw Cicld:i t*i efiact 
cr/jji;alli 2 :ation oC tho mateirlral- An crccciitjon wuul 1 be in a I 1 - 

stanne in which a dnllborate attempt was *nadi to coui>ln the ga;i-born i;aund 


I'y. I 


WMDocDiunr orni 
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'energy to the material, for purposes of acoustic mSjdng of the material, 
homogeniaatioii or other acoustic processing factors. Ic this event, the 
sound frequency could be adjusted to resonate the material and increase 
the energy cot^ling. These factors ctmsidered lurtiier in the Appendix. 

DROP TOWER APPARATUS 

Tufo configurations of equipment have been set-up, ready for drop tower 
testing, the first system is designed exclusively for use at room tempera- 
ture. The system is that shown variously in figures 9. and 12. T^e second 
system fabricated is for use at biglL temperatures - tempeCaturs to 1000 C. 

This high temperature system is shown in Figure 21. hi this figure we show 
the basic furnace module (also suitaUe in its present form for Uie research 
rockiA) that is mounted in file standard drop tower framework shown in figures 
9 and 12, for the drop tower tests. Alternately, we have designed the higher 
temperature drop tower system to use a quarts tube fomace, electrical resis- 
tance heated sis shown in figure 8. About 15 minutes Seating- time is 
required to pr^eat the drop tower furnaces. The samfdes are posifioned 
by means of wire mesh scre^is and lift-off of the specimen is obtained using 
the acoustic positioning applied just prior to the start of file drop. Sequencing .. 
of the camera is carried out using tiie standard drop tower cage equipment. 

We have fobricated a separate drop tower cage - one for the room tempera- 
ture levels and one for tee high temperature tests. In this way drop tower 
cperading time is conserved. 

CONCLUSIONS 

The acoustic energy well levitator is capable of levitating and positioning 
liquids, and solid dense materials of sixes useful in space processing experi- 
ments. The method can be scaled to a full scale space manufacturing process. 

The virtue of sim|dicity is retained in tee levitator, while operating in high 
temperature environments exceeding 1000 C. A gas atmosphero is necessary 
to conduct the sound, but the gas pressure .can be reduced at the cost of reducing 
tee levitation forces. Containerless shaping of materials can be acconqilished, 
though precise shaping would require careful design of the experiment chamber 
to form the energy wells to the proper shape. Precise positioning can be obtarned 
by moving a reflecting surface or by moving tee sound source. By this means, 
a specimen can be translated from a hot region to a cold region. The energy 
well levitator is adaptable to a range of space experiments. Strip materials, 
flat blanks and discs are pairticularly easily handled. 
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MoCfiriaisns Of •wrasjtic Cfi^rlbihioa A>nl Kfftsct 
On Cryst^iJ, LUaiti^ii 


We ha^'o wnclii#l*i4 narlier that ca^'itii*:ion l»iv'als uZ so^mil oviltMitl/ 
neoesiacy ti> induce nnalea^iion aivl ci:yjjtalll^aT:L>n o!! a uu*iei:*^jolei| 

We digcess ah this p’>int l:.*) c-^aluab* h»m hho?io ca'^ttation- related 
effects can ncuar and what their ei^jnlficance my bo* 


Ca^^itation pr*>ceri^jes start when a buhbl:; oc >thni: uuctaait entfics a 
sound field* A bubble traonoil in a :i:mnd Tield wilJ IxKjin to ijcf w - a 
jirijcess known as ^rectified i\i£ fusion. If the locali^od sound intensity is 
low, the bubble will continue to oscillate* The bubble my jrjw to »:iisonatt 
size oc ojdlesce with other bubblers and visible tn the nak**d ay^j* 

Gaseous cavitation such as this gives rise to a line spent cuift of aorastic 
noise that may be measured with a brr*ad ^>and ac.rastic probe, as nentioned 
earlier, Pressure and ijarticle velocities in tie gaseous ca vita felon si:ate 
do wot much extjeed those in the incident sound field. As sitoh, gaseous 
cavitation generally is found to play only a mlno^r coli in changing the 
properties of ligixlds* This fact is brought n*tt In a inultipliclty of 
refecences of which References 7 11 have been sel^icted* high sound 

intensities# usually of the order of :>*3vi/cm^ or jireatur give rise to 
'vaporous cavitations* Vaporous cavitation arises as follows: Bubbles of 

a size such that their resonant frequency is higher than the Licidonfe sound 
frequency beliave nonl inear ly as shown in Reference 7, T[mse biibblos 
at al>out the rectified diffusion gco^^th rafe^-i, but at a ccitical size, the 
bubble collapses with etcticema violence genera ting locjaliznil shock waves that 
further nucleate the liquid that surcounds the original void* TompcL'a fences 
in the ool Lapsing void may exteemo# and my exceed 10 de.jreas Kelvin* 
The acoustic noise shows a o'>ntiniuvus spectirain and this stHictciuri ijan 
used as a "la’>el” for the existence of vaporous cavitation in a lui'uid- 
Vapoiyjus cavitation 5,3 the principle nieeVtanism whereby sou ml Induce 
fundamental changes in a liquid such as, for example# increasing the 
nut:leation rates of a ll^nuid* 


The eviJenci^ fri»i the photographs in Figure IB# : 
of itLrecU sound ircHdiation of sui^ercooled benxophonono 
the light of these ci>nsiderations* Tne tc»p left-hand pi 
condition with no sound radiation - the oscilloscope tr^ 
deflection indicatirvj that no sound is being received a 




I 



of tU© (Ambinnoii'3 nnise - fturbUnr 11 iiitlfyirtg tiin rax.ls;toiU'!i?! of vaiwoma 
ca/ibablon. M-nost inrstaiitly with the sfeairt of on'/itahiou, wo hii’ 

the sta<rt of nuolsation a'\3 OYstallLzatloa in the iL'iuii a? shown in the 
1x>tti3m rljht p'nottyjrnph . h few .'ieoimds afto? this piatnco was lialton the 
w)\ole conta'.nnc of suj.»er-3. loled liensophennee hai solid.! fieri. Note that the 
oscilloscope ttae© has disapiXKited even though the souu'l remains on. This 
is because the crystals of ixanzophenonu absorb the sou>tl and pceveet tlie 
sound from reaching the acoustic probe. 


The evidence frrjn this ei:][>eriinent Is that the vai>30iu:s oa/itatlon 
threshold must be exceedod for the sound to cause crystal Liza tion aid 
nucleation of the mice rial. As discussed earl lor • it is very impro'oabis 
that tile so liivels of .lound energy can be coupled froiii tiio lis vita toe a 
fully suspended liquid. 
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THE ENERGY WELL LEVITATOR 

FIG. 1 
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ACOUSTIC CAV!TY LEVITATOR 


FIG. 4 
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RECTANGULAR CAV IT Y 

FIG. 5 
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SUPERCOOLING OF BENZOPHENONE 

FIG. 19 
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